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Supplementary Note  
Mismatch Repair Gene Variant Classification Criteria 
Version 2.0 October 2013 
 
Rules for Variant Classification: 
Rules describing the 5 class system for classification of MMR gene variants were 
devised and documented by Amanda Spurdle and Bryony Thompson in September 
2009 for standardised classification of variants in the Colon Cancer Family Registry 
database, and revised by Amanda Spurdle, Bryony Thompson, Sean Tavtigian and 
Marc Greenblatt during April 2011, in collaboration with the InSiGHT Variant 
Interpretation Committee (VIC), modulated by input from committee members during 
ongoing VIC meetings. They are based on the following:  

- The 5 class system described for quantitative assessment of variant 
pathogenicity in Plon et al.1, using a multifactorial likelihood model2-5 as 
applied to MMR gene variants6,7;  

- The 5 class system for interpretation of splicing variants and aberrations by 
Spurdle et al.8;   

- The classification of sequence changes according to standard clinical practice 
– that is, description of variants generally considered pathogenic (clinically 
relevant in a genetic counselling setting such that germline variant status is 
used to inform patient and family management) or non-pathogenic (significant 
evidence against being a dominant high-risk pathogenic mutation); and  

- The documentation of non-quantitative methods that have been used to 
classify variants in the literature.  

 
For a given class, a variant is required to satisfy all the criteria listed for at 
least one bullet-point that falls within that class.  The symbol “” represents 
an “AND” statement. The footnote # describes the rationale for suggested sample 
numbers, and the rationale for use of indicative MSI or IHC information. The 
interpretation of functional assays is assisted by a flowchart developed for this 
purpose (See Fig. 1b, main text). 
 
These criteria provide a baseline for standardized clinical classification of MMR gene 
sequence variation that may be linked to patient and family management in the 
genetic counseling arena according to published guidelines 1. Use of the InSiGHT 
database, and associated interpretation relating to pathogenicity, is subject to User 
discretion and responsibility.  Whereas InSiGHT has developed processes to assign 
pathogenicity utilizing high-level expertise available through its membership, such 
assignments are subject to change with the availability of new information and 
interpretation processes. Information submitted to the InSiGHT database is available 
for individual enquiry for clinical use, but any collective use of the data for research or 
other purposes transgresses agreements InSiGHT has with the valuable community 
of researchers, clinicians and diagnostic laboratories that generously support the 
database through their submissions. All users of the database are encouraged to 
submit their own variants to support the InSiGHT international collaboration to share 
gene variant data relating to gastrointestinal tumors. Submissions should be directed 
to the InSiGHT curator John-Paul Plazzer (johnpaul@variome.org). 
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Class 5 – Pathogenic  
• Variants with probability of pathogenicity >0.99 using a multifactorial likelihood 

model 
• Coding sequence variation resulting in a stop codon i.e. nonsense or frameshift 

pathogenic alteration that is predicted to result in interruption of known 
functional protein domains or highly conserved exonic sequences  

• Variants where mRNA assays in patient RNA indicate that the variant allele 
results in a splicing aberration (with evidence that the variant allele produces no 
wild-type transcript) leading to premature stop codon or in-frame deletion 
disrupting a functional domain or protein conformation 

• Large genomic deletions 
• Large genomic duplications shown by laboratory studies to result in a 

frameshift before the last splice junction 
• Variants demonstrating all of the following characteristics with no conflicting 

results (combined evidence achieves estimated LR >100:1, posterior >0.99 
with prior 0.5): 
 Variant-specific abrogated function in protein or mRNA based lab 

assays (see MMR functional assay supplementary material) 
- OR - for MLH1 and MSH2, co-occurrence in trans with a known pathogenic 
sequence variant in the same gene in a patient with clinical features 
consistent with Constitutional Mismatch Repair Deficiency (CMMRD) and 
reported LS cancer in the parent of origin for the variant to be classified. If 
parental genotype is unknown, then both parents should have early-onset 
LS cancer  
- OR - presence of the variant on different haplotypes across families 
indicating that reported LS clinical features are not due to an undiscovered 
sequence change in cis with the variant 

 Evidence for co-segregation with disease where pedigree information 
provided allows calculation of likelihood ratio (LR) of ≥10:1*  
- OR - at least one revised Amsterdam criteria 9 family with >4 affected 
carriers  
- OR - across >2 revised Amsterdam criteria families reported to show 
segregation with disease (no further information provided)  
- OR - >2 families with >3 affected non-proband carriers 

  >2 independent tumors with MSI using a standard panel of 5-10 
markers** and/or loss of MMR protein expression consistent with the variant 
location (may include tumor information from proband) 

 evidence that variant is not an undescribed polymorphism at allele 
frequency >1% (minor allele frequency [MAF] >0.01) in healthy controls from 
an appropriate population (i.e. 1000 genomes) 
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Class 4 – Likely pathogenic 
• Variants with probability of pathogenicity between 0.95-0.99 using a 

multifactorial likelihood model 
• Variants at IVS±1 or IVS±2, or G>non-G at last base of exon if first 6 bases of 

the intron are not GTRRGT, that are untested for splicing aberrations in vitro - 
irrespective of bioinformatic predictions 

• Variants demonstrating (combined evidence achieves LR >20:1, posterior 0.95-
0.99 with prior 0.5): 
 variant-specific abrogated function in protein or mRNA based lab 

assays (see MMR functional assay supplementary material) 
- OR - for MLH1 and MSH2, co-occurrence in trans with a known pathogenic 
sequence variant in the same gene in a patient with clinical features 
consistent with CMMRD and reported LS cancer in the parent of origin for 
the variant to be classified. If parental genotype is unknown, then both 
parents should have early-onset LS cancer  
- OR - presence of the variant on different haplotypes across families 
indicating that reported LS clinical features are not due to an undiscovered 
sequence change in cis with the variant 

 plus one of the following: 
         - co-segregation with disease assessed by available pedigree 
information allows calculation of LR of >5:1* 
- OR - at least one revised Amsterdam criteria family with >3 affected 
carriers 
- OR - >2 families with >2 affected non-proband carriers  
- OR - >2 independent tumours with MSI using a standard panel of 5-10 
markers** and/or loss of MMR protein expression consistent with the variant 
location (may include tumour information from proband) 

 
 
 
Class 3 – Uncertain 

• Variants with probability of pathogenicity between 0.05-0.949 using a 
multifactorial likelihood model  

• Variants that have insufficient evidence (molecular or otherwise) to classify, 
which may include large genomic duplications not yet shown by laboratory 
studies to result in a frameshift before the last splice junction, missense 
alterations, small in-frame insertions/deletions, silent variants, intronic 
variants, promoter and regulatory region variants 
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Class 2 – Likely not pathogenic/little clinical significance 
• Variants with probability of pathogenicity between 0.001-0.049 using a 

multifactorial likelihood model 
• Synonymous substitutions and intronic variants with no associated mRNA 

aberration (either splicing or allelic imbalance) as determined by laboratory 
assays conducted with nonsense-mediated decay inhibition. Whenever 
abnormal transcripts are identified at similar levels in controls they will be 
considered to be naturally occurring isoforms and not mRNA aberrations 

• Variants reported to occur in a specific ethnic group at allele frequency ≥1%, 
(MAF ≥ 0.01, tested in ≥ 160 individuals) and that have not yet been excluded 
as known founder pathogenic sequence variants (“founder mutations”) 

• Variants demonstrating: 
 variant-specific proficient function in protein and mRNA based lab 

assays (see MMR functional assay supplementary material) 
 - OR - co-occurrence in trans with a known pathogenic sequence variant in 

the same gene in a patient with colorectal cancer after age 45 (or other LS 
cancer above the median age of onset for that cancer in LS***), and who 
has no previous or current evidence of clinical manifestations of CMMRD 

 plus one of the following: 
            - present in control reference groups at allele frequency 0.01-1% 

(MAF 0.0001-0.01, tested in ≥ 160 individuals) 
   - OR - lack of co-segregation with disease consistent with a dominant high-

risk pathogenic sequence variant in pedigrees (LR≤ 0.01) 
   - OR - estimated risk with upper bound 95% confidence limit <4, as 

determined by large well-designed case-control studies that consider size, 
geography/ethnicity and quality control measures  

   - OR - >3 colorectal tumors with MSS and/or no loss of MMR protein 
expression and/or loss of MMR protein(s) in LS spectrum tumors, that is 
inconsistent with the gene demonstrating genetic variation 

• Variants demonstrating any three of the following: 
         - present in control reference groups at allele frequency 0.01-1% (MAF 

0.0001-0.01, tested in ≥ 160 individuals) 
- OR - lack of co-segregation with disease consistent with a dominant high-
risk pathogenic sequence variant in pedigrees (LR≤ 0.01) 
- OR - estimated risk with upper bound 95% confidence limit <4, as 
determined by large well-designed case-control studies that consider size, 
geography/ethnicity and quality control measures  
- OR - >3 colorectal tumors with MSS and/or no loss of MMR protein 
expression and/or loss of MMR protein(s) in LS spectrum tumors, that is 
inconsistent with the gene demonstrating genetic variation  
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Class1 – Not pathogenic/no clinical significance 
• Variants with probability of pathogenicity <0.001 using a multifactorial likelihood 

model 
• Variants reported to occur in control reference groups at allele frequency ≥1% 

(MAF ≥ 0.01, tested in ≥ 160 individuals) and excluded as founder pathogenic 
sequence variants 

• Variants demonstrating: 
 Variant-specific proficient function in protein and mRNA based lab 

assays (see MMR functional assay supplementary material) 
 - OR - co-occurrence in trans with a known pathogenic sequence variant in 

the same gene in a patient with colorectal cancer after age 45 (or other LS 
cancer above the median age of onset for that cancer in LS***), and who 
has no previous or current evidence of clinical manifestations of CMMRD 

 Plus any two of the following: 
            - present in control reference groups at allele frequency 0.01-1% 

(MAF 0.0001-0.01, tested in ≥ 160 individuals) 
   - OR - lack of co-segregation with disease consistent with a dominant high-

risk pathogenic sequence variant in pedigrees (LR≤ 0.01) 
   - OR - estimated risk with upper bound 95% confidence limit <4, as 

determined by large well-designed case-control studies that consider size, 
geography/ethnicity and quality control measures  

   - OR - >3 colorectal tumors with MSS and/or no loss of MMR protein 
expression and/or loss of MMR protein(s) in LS spectrum tumors, that is 
inconsistent with the gene demonstrating genetic variation 

• Variants demonstrating all of the following: 
Present in control reference groups at allele frequency 0.01-1% (MAF 0.0001-

0.01, tested in ≥ 160 individuals) 
 Lack of co-segregation with disease consistent with a dominant high-

risk pathogenic sequence variant in pedigrees (LR≤ 0.01) 
 Estimated risk with upper bound 95% confidence limit <4, as 

determined by large well-designed case-control studies that consider size, 
geography/ethnicity and quality control measures  

 >3 colorectal tumors with MSS and/or no loss of MMR protein 
expression and/or loss of MMR protein(s) in LS spectrum tumors, that is 
inconsistent with the gene demonstrating genetic variation  
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Footnotes to Mismatch Repair Gene Variant Classification Guidelines: 
# The upper 95% confidence limit of frequency for an allele observed once in 160 
individuals (320 chromosomes) is <0.01, the allele frequency considered sufficient for 
classification as class 1 (not pathogenic/low clinical significance). Characteristics of a 
pathogenic variant were selected to achieve a combined likelihood ratio of >100:1 in 
conjunction with a prior of 0.5 (estimated prior irrespective of in silico predictions). 
Namely, the co-segregation and family history descriptions were selected to estimate 
segregation odds of 10:1, results from functional assays were assumed to have 
likelihood ratio 5:1 and MSI/IHC data was conservatively assumed to carry a 
likelihood ratio of 5:1. Tumor data was based on two tumors for MSI and/or IHC to 
allow for the possibility that pathogenic missense alterations may not all demonstrate 
loss of MMR protein expression. Where both MSI and IHC information are available, 
MSI-H results will take precedence over normal immunohistochemical results, since 
MSI is more specific than MMR immunohistochemistry in colorectal cancers10,11.  For 
variants that demonstrate tumor MSS and loss of MMR protein expression, technical 
or other explanations10,12-14 for the discrepancy should be investigated. The need for 
multiple results was implemented to minimize the chance of a "sporadic" MSI-H or 
negative immunohistochemical result for MLH1 methylated tumors (0.15x0.15 = 
0.0225). Independent tumors can include multiple primary tumors from a single 
individual. 
 
* Likelihood ratios for segregation can be derived by Bayes factor analysis adapted 
from the method of Thompson et al15, as described previously6. Penetrance 
estimates for MLH1 and MSH2 variants to be derived from Quehenberger et al16 and 
those for MSH6 and PMS2 variants to be derived from Baglietto et al17 and Senter et 
al18. 
 
** Standard MSI markers panel: BAT25, BAT26, BAT40, BAT34, D5S346, D17S250, 
ACTC, D18S55, D10S197, MYCL 19; D2S123, D18S69 20; NR21, NR24, NR27 21 
 
*** Lynch syndrome tumors include: colorectal/colon/rectal, endometrial, ovarian, 
small bowel/small intestine, renal pelvis, ureter, and stomach/gastric carcinomas, 
sebaceous skin tumors (adenomas and carcinomas), gliomas. 
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Supplementary Figure 1 Distribution of unique MMR gene variants 
(constitutional and non-constitutional) on the InSiGHT database at study 
initiation. There were 2,370 unique variants in the database after 3,458 
nomenclature alterations due to formatting to standardized Human Genome Variation 
Society nomenclature22 and systematic review of the literature. There were 448 
somatic (tumor or cell line derived) entries in the InSiGHT database, 229 of which 
have not been reported as constitutional variants. There were 3,322 artificial 
(synthesized for in vitro or in vivo assays or subjected to in silico analyses) entries in 
the database, 137 of which have not been reported as constitutional variants. In 
addition, four variants were termed “unknown” since the source could not be 
established (n=1) or the nomenclature provided in the reference was inconsistent 
with sequence trace data provided in the source publication (n=3). Details of the non-
constitutional variants are shown in Supplementary Table 1.  
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Supplementary Figure 2 Breakdown by MMR gene, of the proportion of 
different variant types in the 5-tiered classifications. Class 5a is a subset of 
Class 5 containing the assumed pathogenic mutations caused by nonsense 
mutations, small frameshift indels, and large deletions. Class 5b includes not-
obviously truncating variants considered to be pathogenic on the basis of combined 
evidence (see Supplementary Note). The different variant types are: PTC – variants 
that introduce premature terminating codons, i.e. nonsense mutations and small 
frameshift indels; NS – not obviously truncating non-synonymous variants; I – intronic 
variants outside the canonical splicing dinucleotides; LGDel – large genomic 
deletions or disrupting inversions; LGDup – large genomic duplications; SS – variants 
in the canonical splice site dinucleotides; S – synonymous variants; ATG/UTR – 
variants in the initiation codon (n=9), and the 5’ or 3’ untranslated regions (n=49).  
 
A) All genes (n=2360) 

!
B) MLH1 (n=932) 

!
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C) MSH2 (n=842) 

 
D) MSH6 (n=449) 

 
E) PMS2 (n=137) 
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Supplementary Table 2 Database information used to select 
discordantly classified variants for detailed examination by the Variant 
Interpretation Committee: MLH1:c.731G>A p.(Gly244Asp) as an example.  
The current database contains data from three merged public databases: the original 
InSiGHT database23,24 (contributions from individual submitters); MMR Gene 
Unclassified Variants Database25 (functional assay results); and the Mismatch Repair 
Genes Variant Database26 publication database. Additionally, Human Variome 
Project country/regional LOVD sub-databases also contribute to the central database, 
e.g. the Chinese LOVD MMR database27. Classifications were commonly assigned to 
variants by submitters based on a single point of evidence. Variants with different 
submitter-assigned classifications were prioritized for initial review.!

Test Method Test Type Result Classification Reference 

dominant 
negative effect 

reporter assays 
in yeast 

DNE in 0 out of 3 tests PATHOGENIC Takahashi et 
al., 2007 

expression 
level of mutant 
allele 

in vivo assay in 
human cell line 

comparable to WT NEUTRAL Blasi et al., 
2006 

mutation rate 
at HPRT gene 

in vivo assay in 
human cell line 

increased mutation rate PATHOGENIC Blasi et al., 
2006 

tolerance to 
methylating 
agents 

in vivo assay in 
human cell line 

tolerance as in WT NEUTRAL Blasi et al., 
2006 

MMR activity 
assay 

in vitro assay 19,4% compared to 0% 
in MLH1 deficient cell 
line 

VUS Takahashi et 
al., 2007 

MLH1 
expression 

protein 
abundancy 

>75% of WT level NEUTRAL Takahashi et 
al., 2007 

comparison of 
mutation rate 
between 
haploid yeast 

functional 
assays using 
yeast 

mutation rate in a lys+ 
reporter gene 
comparable to a MLH1 
deficient haploid yeast 

PATHOGENIC Shcherbakova 
et al, 1999 

pSPL3 
minigene 

splicing assay no change in exon 
inclusion 

NEUTRAL Lastella et al., 
2006 

human cell 
extract+in vitro 
MMR assay 

cell based in 
vitro MMR 
functional 
assay using a 
human 
expression 
system 

reduced repair efficiency 
compared to the WT 

PATHOGENIC Trojan et al., 
2002 
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Supplementary Table 9 Qualifications and expertise covered by the 40 members 
of the InSiGHT Variant Interpretation Committee (VIC) 

VIC member Affiliation Academic Qualifications and 
Expertise 

Dr Kiwamu Akagi 
Div. Molecular Diagnosis and 

Cancer Prevention, Saitama Cancer 
Center, Saitama, Japan 

MD, PhD: Molecular Pathology 

Prof Fahd Al-Mulla 
Department of Pathology, Faculty of 
Medicine, Health Sciences Center, 

Kuwait University, Safat, Kuwait 

BSc, M.B.,Ch.,B., PhD, FRCPE: 
Molecular Pathology 

Prof Bharati Bapat 
Department of Lab Medicine and 

Pathobiology, University of Toronto, 
Canada 

BSc, MSc, PhD:  Cancer 
Genetics, Molecular Pathology 

Dr Inge Bernstein 

Surgical Gastroenterology 
Department, Aalborg University 

Hospital, Aalborg, Denmark; Danish 
HNPCC Registry, Copenhagen, 

Denmark 

MD, PhD, MHM: Gastrointestinal 
Surgery 

Dr Gabriel Capella 
Hereditary Cancer Program. Catalan 

Institute of Oncology-IDIBELL, 
Barcelona, Spain 

MD PhD: Molecular Pathology 
and Genetic Oncology Research 

Dr Desirée du Sart 

Molecular Genetics Lab, Victorian 
Clinical Genetics Services, Murdoch 

Childrens Research Institute, 
Melbourne, Australia 

PhD: Diagnostic molecular 
genetics 

Aurelie Fabre 
INSERM UMR S910, Department of 

Medical Genetics and Functional 
Genomics, Marseille, France 

Cancer Genetics Research 

Michael Farrell 
Department of Cancer Genetics, 
Mater Private Hospital, Dublin, 

Ireland 

R.G.N., H. Dip. Applied Science, 
B.Sc. in Computing, Grad. Dip. 
in Oncology Nursing, M. Sc. in 
Molecular Medicine:  Genetic 

counseling 

Dr Susan M Farrington 

Colon Cancer Genetics Group, 
Institute of Genetics and Molecular  
Medicine, University of Edinburgh, 

Scotland 

BSc, PhD: Cancer and 
Molecular Genetics Research 

Dr Ian Frayling 
Institute of Medical Genetics, 

University Hospital of Wales, Cardiff, 
UK 

MA (Cambridge; Medical 
Sciences with Honours in 
Biochemistry), MB BChir 

(Cambridge), PhD (Manchester: 
DNA repair), FRCPath (Clinical 
Molecular and Cytogenetics), 

FEBLM (Founder Fellow 
European Board of Laboratory 
Medicine): Molecular Pathology 

Prof Thierry Frebourg 
Inserm U614, Faculty of Medicine, 
Institute for Biomedical Research, 

University of Rouen, France 

PhD: Molecular genetics 
diagnostic and research 

Prof Maurizio Genuardi 
(committee chair) 

1: Department of Biomedical, 
Experimental and Clinical Sciences, 

University of Florence, Italy; 2: 
Fiorgen Foundation for 

Pharmacogenomics, Sesto 
Fiorentino, Italy 

MD: Clinical genetics 

Dr David Goldgar 
Department of Dermatology; 

University of Utah Medical School; 
Salt Lake City, Utah, U.S. 

PhD: Genetic epidemiology 

Dr Marc Greenblatt University of Vermont; Burlington, 
Vermont, U.S. MD: Medical Oncology 
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Dr Christopher D. Heinen 

Neag Comprehensive Cancer 
Center & Center for Molecular 

Medicine, UConn Health Center, 
Farmington, CT, U.S. 

PhD: Cancer Genetics Research 
(functional assays) 

Prof Elke Holinski-Feder 

Klinikum der Universität München, 
Campus Innenstadt, Medizinische 

Klinik und Poliklinik IV, Munich, 
Germany; MGZ – Medizinisch 
Genetisches Zentrum, Munich, 

Germany 

MD, PhD: Diagnostic molecular 
genetics 

A/Prof Maija Kohonen-Corish 

Garvan Institute of Medical 
Research, Kinghorn Cancer Centre 

& St Vincent's Clinical School, 
University of NSW & School of 

Medicine, University of Western 
Sydney, Sydney, Australia 

BSc, MSc, PhD, MHGSA: 
Cancer genetics research 

Dr Kristina Lagerstedt-
Robinson 

Department of Molecular Medicine 
and Surgery, Karolinska Institutet, 
Department of Clinical Genetics, 
Karolinska University Hospital, 

Stockholm, Sweden 

PhD: Diagnostic molecular 
genetics 

Prof Suet Yi Leung 

Hereditary Gastrointestinal Cancer 
Genetic Diagnosis Laboratory, 
Department of Pathology, The 

University of Hong Kong, Queen 
Mary Hospital, Pokfulam, Hong Kong 

MBBS, MD, FRCPath(UK), 
FRCPA, FHKAM (Pathology), 

FHKCPath: Diagnostic 
molecular genetics; Cancer 

genetics and genomics; 
Molecular pathology 

Prof Finlay Macrae 
Department of Colorectal Medicine 

and Genetics, Royal Melbourne 
Hospital, Australia 

MBBS (Hons1 Monash), MD 
(Melb), FRACP, FRCP (UK), 

AGAF: Gastroenterology 

Dr Alexandra Martins 
Inserm U1079, University of Rouen, 
Institute for Research and Innovation 

in Biomedicine, Rouen, France 

PhD: Diagnostic molecular 
genetics, Cancer genetics and 
RNA biology research, RNA 

splicing assays 

Senior scientist, Senior 
consultant Pal Moller 

Research Group on Inherited 
Cancer, Department of Medical 

Genetics; Oslo University Hospital, 
The Norwegian Radium Hospital 

Oslo, Norway 

MD, PhD:  Clinical genetics, 
Cancer genetics, Genetic 

epidemiology 

Dr Monika Morak 

Klinikum der Universität München, 
Campus Innenstadt, Medizinische 

Klinik und Poliklinik IV, Munich, 
Germany; MGZ – Medizinisch 
Genetisches Zentrum, Munich, 

Germany 

PhD: Cancer genetics research, 
splicing and cDNA assays. 

Prof Minna Nyström 
Department of Biosciences, 

Genetics; University of Helsinki, 
Finland 

PhD Cancer genetics research 
(functional assays) 

Prof Paivi Peltomaki 
Department of Medical Genetics, 
Haartman Institute; University of 

Helsinki, Finland 

MD, PhD: Cancer genetics 
research and InsiGHT database 

curator 

Dr Marta Pineda 
Hereditary Cancer Program. Catalan 

Institute of Oncology-IDIBELL, 
Barcelona, Spain 

PhD: Diagnostic molecular 
genetics 

John-Paul Plazzer 
Department of Colorectal Medicine 

and Genetics, Royal Melbourne 
Hospital, Australia 

BEng (Comp), GradDip (Bioinf): 
Database curator 
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Prof Ming Qi 

Center for Genetic & Genomic 
Medicine; The First Affiliated 

Hospital of Zhejiang University 
School of Medicine; James Watson 

Institute of Genomic Sciences, 
Beijing Genome Institute, China; 
University of Rochester Medical 

Center, NY, USA 

PhD, FACMG: Diagnostic 
moelcular genetics 

Prof Rajkumar Ramesar 

MRC$Human$Genetics$Research$
Unit,$Division$of$Human$Genetics,$
Institute$of$Infectious$Diseases$and$
Molecular$Medicine,$Faculty$of$

Health$Sciences,$University$of$Cape$
Town,$South$Africa$

PhD: Diagnostic molecular 
genetics 

Managing Director, Prof Lene 
Juel Rasmussen 

Center for Healthy Aging, University 
of Copenhagen, Denmark 

PhD: Cancer genetics research 
(functional assays) 

Prof Brigitte Royer-Pokora Institute of Human Genetics, 
University of Düsseldorf, Germany 

PhD: Diagnostic molecular 
genetics and functional assays 

Prof Rodney Scott 

Discipline of Medical Genetics, 
Faculty of Health, University of 
Newcastle, The Hunter Medical 

Research Institute, NSW, Australia & 
The Division of Molecular Medicine, 

Hunter Area Pathgology Service, 
John Hunter Hospital, Newcastle, 

NSW, Australia 

PhD, DSc, FRCPath, FHGSA, 
FFSc(RCPA): Cancer genetics, 

diagnositic and research  

Prof Rolf Sijmons 

Dept of Genetics, University of 
Groningen, University Medical 

Center Groningen, Groningen, the 
Netherlands 

MD PhD: Clinical genetics 

A/Prof Amanda Spurdle Queensland Institute for Medical 
Research, Brisbane, Australia 

PhD: molecular cancer 
epidemiology research 

A/Prof Sean Tavtigian Huntsman Cancer Institute, Salt 
Lake City, UT, U.S. 

PhD: Cancer genetic research - 
bioinformatics 

Bryony Thompson 

Queensland Institute for Medical 
Research, Brisbane, Australia; 

School of Medicine, University of 
Queensland, Brisbane, Australia 

BSc (Hons), PhD scholar: 
cancer genetics research 

Dr Carli Tops 
Center of Human and Clinical 

Genetics, Leiden University Medical 
Centre, The Netherlands 

PhD: Diagnostic molecular 
Genetics 

Prof Thomas Weber State University of New York at 
Downstate, Brooklyn, NY, U.S. MD: Surgery 

A/Prof Juul Wijnen 
Center of Human and Clinical 

Genetics, Leiden University Medical 
Centre, The Netherlands 

PhD: Diagnostic molecular 
Genetics 

A/Prof Michael Woods 

Discipline of Genetics, Faculty of 
Medicine, Memorial University of 
Newfoundland; St. John's, NL, 

Canada 

PhD: Diagnostic molecular 
genetics and database curator 



 48!

References: 
1. Plon, S.E. et al. Sequence variant classification and reporting: 

recommendations for improving the interpretation of cancer susceptibility 
genetic test results. Hum Mutat 29, 1282-91 (2008). 

2. Goldgar, D.E. et al. Integrated evaluation of DNA sequence variants of 
unknown clinical significance: application to BRCA1 and BRCA2. Am J Hum 
Genet 75, 535-44 (2004). 

3. Easton, D.F. et al. A systematic genetic assessment of 1,433 sequence 
variants of unknown clinical significance in the BRCA1 and BRCA2 breast 
cancer-predisposition genes. Am J Hum Genet 81, 873-83 (2007). 

4. Goldgar, D.E. et al. Genetic evidence and integration of various data sources 
for classifying uncertain variants into a single model. Hum Mutat 29, 1265-72 
(2008). 

5. Tavtigian, S.V., Greenblatt, M.S., Lesueur, F. & Byrnes, G.B. In silico analysis 
of missense substitutions using sequence-alignment based methods. Hum 
Mutat 29, 1327-36 (2008). 

6. Arnold, S. et al. Classifying MLH1 and MSH2 variants using bioinformatic 
prediction, splicing assays, segregation, and tumor characteristics. Hum 
Mutat 30, 757-70 (2009). 

7. Spurdle, A.B. Clinical relevance of rare germline sequence variants in cancer 
genes: evolution and application of classification models. Curr Opin Genet 
Dev 20, 315-23 (2010). 

8. Spurdle, A.B., Couch, F.J., Hogervorst, F.B., Radice, P. & Sinilnikova, O.M. 
Prediction and assessment of splicing alterations: implications for clinical 
testing. Hum Mutat 29, 1304-13 (2008). 

9. Vasen, H.F., Watson, P., Mecklin, J.P. & Lynch, H.T. New clinical criteria for 
hereditary nonpolyposis colorectal cancer (HNPCC, Lynch syndrome) 
proposed by the International Collaborative group on HNPCC. 
Gastroenterology 116, 1453-6 (1999). 

10. Lucci-Cordisco, E., Boccuto, L., Neri, G. & Genuardi, M. The use of 
microsatellite instability, immunohistochemistry and other variables in 
determining the clinical significance of MLH1 and MSH2 unclassified variants 
in Lynch syndrome. Cancer Biomark 2, 11-27 (2006). 

11. Mangold, E. et al. Tumours from MSH2 mutation carriers show loss of MSH2 
expression but many tumours from MLH1 mutation carriers exhibit weak 
positive MLH1 staining. J Pathol 207, 385-95 (2005). 

12. Pastrello, C. et al. Stability of BAT26 in tumours of hereditary nonpolyposis 
colorectal cancer patients with MSH2 intragenic deletion. Eur J Hum Genet 14, 
63-8 (2006). 

13. Samowitz, W.S. & Slattery, M.L. Missense mismatch repair gene alterations, 
microsatellite instability, and hereditary nonpolyposis colorectal cancer. J Clin 
Oncol 20, 3178; author reply 3178-9 (2002). 

14. Xie, J. et al. An MLH1 Mutation Links BACH1/FANCJ to Colon Cancer, 
Signaling, and Insight toward Directed Therapy. Cancer Prev Res (Phila) 3, 
1409-1416 (2010). 

15. Thompson, D., Easton, D.F. & Goldgar, D.E. A full-likelihood method for the 
evaluation of causality of sequence variants from family data. Am J Hum 
Genet 73, 652-5 (2003). 

16. Quehenberger, F., Vasen, H.F. & van Houwelingen, H.C. Risk of colorectal 
and endometrial cancer for carriers of mutations of the hMLH1 and hMSH2 
gene: correction for ascertainment. J Med Genet 42, 491-6 (2005). 

17. Baglietto, L. et al. Risks of Lynch syndrome cancers for MSH6 mutation 
carriers. J Natl Cancer Inst 102, 193-201 (2010). 

18. Senter, L. et al. The clinical phenotype of Lynch syndrome due to germ-line 
PMS2 mutations. Gastroenterology 135, 419-28 (2008). 



 49!

19. Lindor, N.M. et al. Immunohistochemistry versus microsatellite instability 
testing in phenotyping colorectal tumors. J Clin Oncol 20, 1043-8 (2002). 

20. Muller, W. et al. The reliability of immunohistochemistry as a prescreening 
method for the diagnosis of hereditary nonpolyposis colorectal cancer 
(HNPCC)--results of an international collaborative study. Fam Cancer 1, 87-
92 (2001). 

21. Buhard, O. et al. Multipopulation analysis of polymorphisms in five 
mononucleotide repeats used to determine the microsatellite instability status 
of human tumors. J Clin Oncol 24, 241-51 (2006). 

22. den Dunnen, J.T. & Antonarakis, S.E. Mutation nomenclature extensions and 
suggestions to describe complex mutations: a discussion. Hum Mutat 15, 7-
12 (2000). 

23. Peltomaki, P. & Vasen, H. Mutations associated with HNPCC predisposition -- 
Update of ICG-HNPCC/INSiGHT mutation database. Dis Markers 20, 269-76 
(2004). 

24. Peltomaki, P. & Vasen, H.F. Mutations predisposing to hereditary 
nonpolyposis colorectal cancer: database and results of a collaborative study. 
The International Collaborative Group on Hereditary Nonpolyposis Colorectal 
Cancer. Gastroenterology 113, 1146-58 (1997). 

25. Ou, J. et al. Functional analysis helps to clarify the clinical importance of 
unclassified variants in DNA mismatch repair genes. Hum Mutat 28, 1047-54 
(2007). 

26. Woods, M.O. et al. A new variant database for mismatch repair genes 
associated with Lynch syndrome. Hum Mutat 28, 669-73 (2007). 

27. Pan, M. et al. Novel LOVD databases for hereditary breast cancer and 
colorectal cancer genes in the Chinese population. Hum Mutat 32, 1335-40 
(2011). 

28. Iversen, E.S., Jr., Couch, F.J., Goldgar, D.E., Tavtigian, S.V. & Monteiro, A.N. 
A computational method to classify variants of uncertain significance using 
functional assay data with application to BRCA1. Cancer Epidemiol 
Biomarkers Prev 20, 1078-88 (2011). 

29. de la Chapelle, A. The incidence of Lynch syndrome. Fam Cancer 4, 233-7 
(2005). 

30. Hampel, H. et al. Screening for Lynch syndrome (hereditary nonpolyposis 
colorectal cancer) among endometrial cancer patients. Cancer Res 66, 7810-
7 (2006). 

31. Hampel, H. et al. Screening for the Lynch syndrome (hereditary nonpolyposis 
colorectal cancer). N Engl J Med 352, 1851-60 (2005). 

32. Thompson, B.A. et al. A Multifactorial Likelihood Model for MMR Gene Variant 
Classification Incorporating Probabilities Based on Sequence Bioinformatics 
and Tumor Characteristics: A Report from the Colon Cancer Family Registry. 
Hum Mutat (2012). 

33. 2.15 Etiology of Cancer: Cancer Susceptibility. in World Cancer Report 2008 
(eds Boyle, P. & Levin, B.) 182-185 (International Agency for Research on 
Cancer, Lyon, 2008). 

34. Liu, B. et al. hMSH2 mutations in hereditary nonpolyposis colorectal cancer 
kindreds. Cancer Res 54, 4590-4 (1994). 

35. Froggatt, N.J. et al. Mutation screening of MSH2 and MLH1 mRNA in 
hereditary non-polyposis colon cancer syndrome. J Med Genet 33, 726-30 
(1996). 

36. Liu, B. et al. Analysis of mismatch repair genes in hereditary non-polyposis 
colorectal cancer patients. Nat Med 2, 169-74 (1996). 

37. Mauillon, J.L. et al. Identification of novel germline hMLH1 mutations including 
a 22 kb Alu-mediated deletion in patients with familial colorectal cancer. 
Cancer Res 56, 5728-33 (1996). 



 50!

38. Viel, A. et al. Characterization of MSH2 and MLH1 mutations in Italian families 
with hereditary nonpolyposis colorectal cancer. Genes Chromosomes Cancer 
18, 8-18 (1997). 

39. Nystrom-Lahti, M. et al. Missense and nonsense mutations in codon 659 of 
MLH1 cause aberrant splicing of messenger RNA in HNPCC kindreds. Genes 
Chromosomes Cancer 26, 372-5 (1999). 

40. Plaschke, J., Bulitta, C., Saeger, H.D. & Schackert, H.K. Quantitative 
differences between aberrant transcripts which occur as common isoforms 
and due to mutation-based exon skipping of the mismatch repair gene hMLH1. 
Clin Chem Lab Med 37, 883-7 (1999). 

41. Dieumegard, B. et al. Extensive molecular screening for hereditary non-
polyposis colorectal cancer. Br J Cancer 82, 871-80 (2000). 

42. Kanamori, M. et al. Microsatellite instability and the PTEN1 gene mutation in 
a subset of early onset gliomas carrying germline mutation or promoter 
methylation of the hMLH1 gene. Oncogene 19, 1564-71 (2000). 

43. Pistorius, S.R. et al. Clinical consequences of molecular diagnosis in families 
with mismatch repair gene germline mutations. Int J Colorectal Dis 15, 255-63 
(2000). 

44. Jakubowska, A. et al. Optimization of experimental conditions for RNA-based 
sequencing of MLH1 and MSH2 genes. Hum Mutat 17, 52-60 (2001). 

45. Stella, A. et al. A nonsense mutation in MLH1 causes exon skipping in three 
unrelated HNPCC families. Cancer Res 61, 7020-4 (2001). 

46. Furukawa, T. et al. Evaluation of screening strategy for detecting hereditary 
nonpolyposis colorectal carcinoma. Cancer 94, 911-20 (2002). 

47. Kurzawski, G. et al. Germline MSH2 and MLH1 mutational spectrum in 
HNPCC families from Poland and the Baltic States. J Med Genet 39, E65 
(2002). 

48. Kruger, S. et al. Identification of six novel MSH2 and MLH1 germline 
mutations in HNPCC. Hum Mutat 21, 445-6 (2003). 

49. Raevaara, T.E. et al. Pathogenicity of the hereditary colorectal cancer 
mutation hMLH1 del616 linked to shortage of the functional protein. 
Gastroenterology 125, 501-9 (2003). 

50. Kruger, S. et al. Ten novel MSH2 and MLH1 germline mutations in families 
with HNPCC. Hum Mutat 24, 351-2 (2004). 

51. Plaschke, J. et al. Eight novel MSH6 germline mutations in patients with 
familial and nonfamilial colorectal cancer selected by loss of protein 
expression in tumor tissue. Hum Mutat 23, 285 (2004). 

52. Renkonen, E., Lohi, H., Jarvinen, H.J., Mecklin, J.P. & Peltomaki, P. Novel 
splicing associations of hereditary colon cancer related DNA mismatch repair 
gene mutations. J Med Genet 41, e95 (2004). 

53. Sharp, A., Pichert, G., Lucassen, A. & Eccles, D. RNA analysis reveals 
splicing mutations and loss of expression defects in MLH1 and BRCA1. Hum 
Mutat 24, 272 (2004). 

54. Guran, S., Ozet, A., Dede, M., Gille, J.J. & Yenen, M.C. Hereditary breast 
cancer syndromes in a Turkish population. Results of molecular germline 
analysis. Cancer Genet Cytogenet 160, 164-8 (2005). 

55. Wolf, B. et al. Spectrum of germ-line MLH1 and MSH2 mutations in Austrian 
patients with hereditary nonpolyposis colorectal cancer. Wien Klin 
Wochenschr 117, 269-77 (2005). 

56. Auclair, J. et al. Systematic mRNA analysis for the effect of MLH1 and MSH2 
missense and silent mutations on aberrant splicing. Hum Mutat 27, 145-54 
(2006). 

57. Kurzawski, G. et al. Germline MSH2 and MLH1 mutational spectrum including 
large rearrangements in HNPCC families from Poland (update study). Clin 
Genet 69, 40-7 (2006). 



 51!

58. Pagenstecher, C. et al. Aberrant splicing in MLH1 and MSH2 due to exonic 
and intronic variants. Hum Genet 119, 9-22 (2006). 

59. Spaepen, M. et al. Germline mutations of the hMLH1 and hMSH2 mismatch 
repair genes in Belgian hereditary nonpolyposis colon cancer (HNPCC) 
patients. Fam Cancer 5, 179-89 (2006). 

60. Wolf, B. et al. Efficiency of the revised Bethesda guidelines (2003) for the 
detection of mutations in mismatch repair genes in Austrian HNPCC patients. 
Int J Cancer 118, 1465-70 (2006). 

61. Zavodna, K. et al. Novel and recurrent germline alterations in the MLH1 and 
MSH2 genes identified in hereditary nonpolyposis colorectal cancer patients 
in Slovakia. Neoplasma 53, 269-76 (2006). 

62. Barnetson, R.A. et al. Classification of ambiguous mutations in DNA 
mismatch repair genes identified in a population-based study of colorectal 
cancer. Hum Mutat 29, 367-74 (2008). 

63. Etzler, J. et al. RNA-based mutation analysis identifies an unusual MSH6 
splicing defect and circumvents PMS2 pseudogene interference. Hum Mutat 
29, 299-305 (2008). 

64. Palma, L., Marcus, V., Gilbert, L., Chong, G. & Foulkes, W.D. Synchronous 
occult cancers of the endometrium and fallopian tube in an MSH2 mutation 
carrier at time of prophylactic surgery. Gynecol Oncol 111, 575-8 (2008). 

65. Tournier, I. et al. A large fraction of unclassified variants of the mismatch 
repair genes MLH1 and MSH2 is associated with splicing defects. Hum Mutat 
(2008). 

66. Gargiulo, S. et al. Germline MLH1 and MSH2 mutations in Italian pancreatic 
cancer patients with suspected Lynch syndrome. Fam Cancer 8, 547-53 
(2009). 

67. Martinez-Bouzas, C. et al. A study on MSH2 and MLH1 mutations in 
hereditary nonpolyposis colorectal cancer families from the Basque Country, 
describing four new germline mutations. Fam Cancer 8, 533-9 (2009). 

68. Perez-Cabornero, L. et al. A new strategy to screen MMR genes in Lynch 
Syndrome: HA-CAE, MLPA and RT-PCR. Eur J Cancer 45, 1485-93 (2009). 

69. Alvarez, K. et al. Spectrum of MLH1 and MSH2 mutations in Chilean families 
with suspected Lynch syndrome. Dis Colon Rectum 53, 450-9 (2010). 

70. Betz, B. et al. Comparative in silico analyses and experimental validation of 
novel splice site and missense mutations in the genes MLH1 and MSH2. J 
Cancer Res Clin Oncol 136, 123-34 (2010). 

71. Bianchi, F. et al. An intronic mutation in MLH1 associated with familial colon 
and breast cancer. Fam Cancer (2010). 

72. Borras, E. et al. MLH1 Founder Mutations with Moderate Penetrance in 
Spanish Lynch Syndrome Families. Cancer Res (2010). 

73. Kim, Y.M. et al. Three novel germline mutations in MLH1 and MSH2 in 
families with Lynch syndrome living on Jeju island, Korea. BMB Rep 43, 693-
7 (2010). 

74. Thodi, G. et al. Screening of the DNA mismatch repair genes MLH1, MSH2 
and MSH6 in a Greek cohort of Lynch syndrome suspected families. BMC 
Cancer 10, 544 (2010). 

75. Clendenning, M. et al. Mutation deep within an intron of MSH2 causes Lynch 
syndrome. Fam Cancer 10, 297-301 (2011). 

76. Hardt, K. et al. Missense variants in hMLH1 identified in patients from the 
German HNPCC consortium and functional studies. Fam Cancer (2011). 

77. Farrell, M.P. et al. Clinical correlation and molecular evaluation confirm that 
the MLH1 p.Arg182Gly (c.544A>G) mutation is pathogenic and causes Lynch 
syndrome. Fam Cancer (2012). 



 52!

78. Perez-Cabornero, L. et al. Evaluating the Effect of Unclassified Variants 
Identified in MMR Genes Using Phenotypic Features, Bioinformatics 
Prediction, and RNA Assays. J Mol Diagn 15, 380-90 (2013). 

79. Borras, E. et al. Refining the role of pms2 in Lynch syndrome: germline 
mutational analysis improved by comprehensive assessment of variants. J 
Med Genet (2013). 

80. Lastella, P., Surdo, N.C., Resta, N., Guanti, G. & Stella, A. In silico and in vivo 
splicing analysis of MLH1 and MSH2 missense mutations shows exon- and 
tissue-specific effects. BMC Genomics 7, 243 (2006). 

81. McVety, S., Li, L., Gordon, P.H., Chong, G. & Foulkes, W.D. Disruption of an 
exon splicing enhancer in exon 3 of MLH1 is the cause of HNPCC in a 
Quebec family. J Med Genet 43, 153-6 (2006). 

82. Naruse, H. et al. Determination of splice-site mutations in Lynch syndrome 
(hereditary non-polyposis colorectal cancer) patients using functional splicing 
assay. Fam Cancer 8, 509-17 (2009). 

83. Takahashi, M. et al. Aberrant splicing caused by a MLH1 splice donor site 
mutation found in a young Japanese patient with Lynch syndrome. Fam 
Cancer (2012). 

84. Yan, H. et al. Conversion of diploidy to haploidy. Nature 403, 723-4 (2000). 
85. Marra, G. et al. Phenotypic analysis of hMSH2 mutations in mouse cells 

carrying human chromosomes. Cancer Res 61, 7719-21 (2001). 
86. Nakagawa, H. et al. Allele separation facilitates interpretation of potential 

splicing alterations and genomic rearrangements. Cancer Res 62, 4579-82 
(2002). 

87. Wagner, A. et al. A 10-Mb paracentric inversion of chromosome arm 2p 
inactivates MSH2 and is responsible for hereditary nonpolyposis colorectal 
cancer in a North-American kindred. Genes Chromosomes Cancer 35, 49-57 
(2002). 

88. Casey, G. et al. Conversion analysis for mutation detection in MLH1 and 
MSH2 in patients with colorectal cancer. Jama 293, 799-809 (2005). 

89. Liu, B. et al. Genetic instability occurs in the majority of young patients with 
colorectal cancer. Nat Med 1, 348-52 (1995). 

90. Luce, M.C. et al. In vitro transcription/translation assay for the screening of 
hMLH1 and hMSH2 mutations in familial colon cancer. Gastroenterology 109, 
1368-74 (1995). 

91. Kohonen-Corish, M. et al. RNA-based mutation screening in hereditary 
nonpolyposis colorectal cancer. Am J Hum Genet 59, 818-24 (1996). 

92. Wijnen, J. et al. Majority of hMLH1 mutations responsible for hereditary 
nonpolyposis colorectal cancer cluster at the exonic region 15-16. Am J Hum 
Genet 58, 300-7 (1996). 

93. Pensotti, V. et al. Mean age of tumor onset in hereditary nonpolyposis 
colorectal cancer (HNPCC) families correlates with the presence of mutations 
in DNA mismatch repair genes. Genes Chromosomes Cancer 19, 135-42 
(1997). 

94. Wang, Q. et al. Germline hMSH2 and hMLH1 gene mutations in incomplete 
HNPCC families. Int J Cancer 73, 831-6 (1997). 

95. Farrington, S.M. et al. Systematic analysis of hMSH2 and hMLH1 in young 
colon cancer patients and controls. Am J Hum Genet 63, 749-59 (1998). 

96. Holmberg, M. et al. Mutation sharing, predominant involvement of the MLH1 
gene and description of four novel mutations in hereditary nonpolyposis 
colorectal cancer. Mutations in brief no. 144. Online. Hum Mutat 11, 482-483 
(1998). 

97. Hutter, P. et al. Excess of hMLH1 germline mutations in Swiss families with 
hereditary non-polyposis colorectal cancer. Int J Cancer 78, 680-4 (1998). 



 53!

98. Leung, S.Y. et al. Microsatellite instability and mutation of DNA mismatch 
repair genes in gliomas. Am J Pathol 153, 1181-8 (1998). 

99. Bapat, B.V. et al. Family history characteristics, tumor microsatellite instability 
and germline MSH2 and MLH1 mutations in hereditary colorectal cancer. 
Hum Genet 104, 167-76 (1999). 

100. Chan, T.L. et al. Germline hMSH2 and differential somatic mutations in 
patients with Turcot's syndrome. Genes Chromosomes Cancer 25, 75-81 
(1999). 

101. Chan, T.L. et al. Frequent microsatellite instability and mismatch repair gene 
mutations in young Chinese patients with colorectal cancer. J Natl Cancer 
Inst 91, 1221-6 (1999). 

102. Lamberti, C. et al. Microsatellite instability-a useful diagnostic tool to select 
patients at high risk for hereditary non-polyposis colorectal cancer: a study in 
different groups of patients with colorectal cancer. Gut 44, 839-43 (1999). 

103. Lin, X. et al. Reduction in hMSH2 mRNA levels by premature translation 
termination: implications for mutation screening in hereditary nonpolyposis 
colorectal cancer. Dig Dis Sci 44, 553-9 (1999). 

104. Millar, A.L. et al. Mismatch repair gene defects contribute to the genetic basis 
of double primary cancers of the colorectum and endometrium. Hum Mol 
Genet 8, 823-9 (1999). 

105. Planck, M. et al. hMLH1, hMSH2 and hMSH6 mutations in hereditary non-
polyposis colorectal cancer families from southern Sweden. Int J Cancer 83, 
197-202 (1999). 

106. Wahlberg, S., Liu, T., Lindblom, P. & Lindblom, A. Various mutation screening 
techniques in the DNA mismatch repair genes hMSH2 and hMLH1. Genet 
Test 3, 259-64 (1999). 

107. Wang, Q. et al. Prevalence of germline mutations of hMLH1, hMSH2, hPMS1, 
hPMS2, and hMSH6 genes in 75 French kindreds with nonpolyposis 
colorectal cancer. Hum Genet 105, 79-85 (1999). 

108. Davoodi-Semiromi, A., Lanyon, G.W., Davidson, R. & Connor, M.J. Aberrant 
RNA splicing in the hMSH2 gene: molecular identification of three aberrant 
RNA in Scottish patients with colorectal cancer in the West of Scotland. Am J 
Med Genet 95, 49-52 (2000). 

109. Chong, G. et al. High frequency of exon deletions and putative founder effects 
in French Canadian Lynch syndrome families. Hum Mutat 30, E797-812 
(2009). 

110. Curia, M.C. et al. Unbalanced germ-line expression of hMLH1 and hMSH2 
alleles in hereditary nonpolyposis colorectal cancer. Cancer Res 59, 3570-5 
(1999). 

111. Pastrello, C. et al. Integrated analysis of unclassified variants in mismatch 
repair genes. Genet Med 13, 115-24 (2011). 

112. Borras, E. et al. Comprehensive functional assessment of MLH1 variants of 
unknown significance. Hum Mutat (2012). 

113. Shin, K.H., Shin, J.H., Kim, J.H. & Park, J.G. Mutational analysis of promoters 
of mismatch repair genes hMSH2 and hMLH1 in hereditary nonpolyposis 
colorectal cancer and early onset colorectal cancer patients: identification of 
three novel germ-line mutations in promoter of the hMSH2 gene. Cancer Res 
62, 38-42 (2002). 

114. Gazzoli, I. & Kolodner, R.D. Regulation of the human MSH6 gene by the Sp1 
transcription factor and alteration of promoter activity and expression by 
polymorphisms. Mol Cell Biol 23, 7992-8007 (2003). 

115. Ward, R.L., Dobbins, T., Lindor, N.M., Rapkins, R.W. & Hitchins, M.P. 
Identification of constitutional MLH1 epimutations and promoter variants in 
colorectal cancer patients from the Colon Cancer Family Registry. Genet Med 
(2012). 



 54!

116. Zhong, X. et al. A single nucleotide substitution (-107C-->G) in the hMLH1 
promoter found in colorectal cancer population reduces transcriptional activity. 
Biochem Genet 45, 671-81 (2007). 

117. Nystrom-Lahti, M. et al. Functional analysis of MLH1 mutations linked to 
hereditary nonpolyposis colon cancer. Genes Chromosomes Cancer 33, 160-
7 (2002). 

118. Kariola, R., Raevaara, T.E., Lonnqvist, K.E. & Nystrom-Lahti, M. Functional 
analysis of MSH6 mutations linked to kindreds with putative hereditary non-
polyposis colorectal cancer syndrome. Hum Mol Genet 11, 1303-10 (2002). 

119. Kariola, R. et al. Two mismatch repair gene mutations found in a colon cancer 
patient--which one is pathogenic? Hum Genet 112, 105-9 (2003). 

120. Kariola, R. et al. MSH6 missense mutations are often associated with no or 
low cancer susceptibility. Br J Cancer 91, 1287-92 (2004). 

121. Raevaara, T.E. et al. HNPCC mutation MLH1 P648S makes the functional 
protein unstable, and homozygosity predisposes to mild neurofibromatosis 
type 1. Genes Chromosomes Cancer 40, 261-5 (2004). 

122. Raevaara, T.E. et al. Functional significance and clinical phenotype of 
nontruncating mismatch repair variants of MLH1. Gastroenterology 129, 537-
49 (2005). 

123. Ollila, S. et al. The importance of functional testing in the genetic assessment 
of Muir-Torre. Int J Oncol 28, 149-53 (2006). 

124. Ollila, S. et al. Pathogenicity of MSH2 missense mutations is typically 
associated with impaired repair capability of the mutated protein. 
Gastroenterology 131, 1408-17 (2006). 

125. Takahashi, M. et al. Functional analysis of human MLH1 variants using yeast 
and in vitro mismatch repair assays. Cancer Res 67, 4595-604 (2007). 

126. Ollila, S., Dermadi Bebek, D., Greenblatt, M. & Nystrom, M. Uncertain 
pathogenicity of MSH2 variants N127S and G322D challenges their 
classification. Int J Cancer 123, 720-4 (2008). 

127. Ollila, S., Dermadi Bebek, D., Jiricny, J. & Nystrom, M. Mechanisms of 
pathogenicity in human MSH2 missense mutants. Hum Mutat 29, 1355-63 
(2008). 

128. Christensen, L.L. et al. Functional characterization of rare missense 
mutations in MLH1 and MSH2 identified in Danish colorectal cancer patients. 
Fam Cancer 8, 489-500 (2009). 

129. Drost, M. et al. A cell-free assay for the functional analysis of variants of the 
mismatch repair protein MLH1. Hum Mutat 31, 247-53 (2010). 

130. Drost, M. et al. A rapid and cell-free assay to test the activity of lynch 
syndrome-associated MSH2 and MSH6 missense variants. Hum Mutat (2011). 

131. Kantelinen, J. et al. Mismatch repair analysis of inherited MSH2 and/or MSH6 
variation pairs found in cancer patients. Hum Mutat (2012). 

132. Martin-Lopez, J. et al. The hMSH2(M688R) Lynch Syndrome Mutation may 
Function as a Dominant Negative. Carcinogenesis (2012). 

133. Drost, M. et al. Genetic screens to identify pathogenic gene variants in the 
common cancer predisposition Lynch syndrome. Proc Natl Acad Sci U S A 
(2013). 

134. Hinrichsen, I. et al. Expression defect size among unclassified MLH1 variants 
determines pathogenicity in Lynch syndrome diagnosis. Clin Cancer Res 19, 
2432-41 (2013). 

135. Trojan, J. et al. Functional analysis of hMLH1 variants and HNPCC-related 
mutations using a human expression system. Gastroenterology 122, 211-9 
(2002). 

136. Plotz, G. et al. Mutations in the MutSalpha interaction interface of MLH1 can 
abolish DNA mismatch repair. Nucleic Acids Res 34, 6574-86 (2006). 



 55!

137. Kosinski, J., Hinrichsen, I., Bujnicki, J.M., Friedhoff, P. & Plotz, G. 
Identification of Lynch syndrome mutations in the MLH1-PMS2 interface that 
disturb dimerization and mismatch repair. Hum Mutat 31, 975-82 (2010). 

138. Blasi, M.F. et al. A human cell-based assay to evaluate the effects of 
alterations in the MLH1 mismatch repair gene. Cancer Res 66, 9036-44 
(2006). 

139. Mastrocola, A.S. & Heinen, C.D. Lynch syndrome-associated mutations in 
MSH2 alter DNA repair and checkpoint response functions in vivo. Hum Mutat 
(2010). 

140. Cyr, J.L., Brown, G.D., Stroop, J. & Heinen, C.D. The predicted truncation 
from a cancer-associated variant of the MSH2 initiation codon alters activity of 
the MSH2-MSH6 mismatch repair complex. Mol Carcinog (2011). 

141. Wielders, E.A., Dekker, R.J., Holt, I., Morris, G.E. & te Riele, H. 
Characterization of MSH2 variants by endogenous gene modification in 
mouse embryonic stem cells. Hum Mutat 32, 389-96 (2011). 

142. Perera, S. & Bapat, B. The MLH1 variants p.Arg265Cys and p.Lys618Ala 
affect protein stability while p.Leu749Gln affects heterodimer formation. Hum 
Mutat 29, 332 (2008). 

143. Gassman, N.R. et al. Cooperative Nuclear Localization Sequences Lend a 
Novel Role to the N-Terminal Region of MSH6. PLoS One 6, e17907 (2011). 

144. Brieger, A. et al. Characterization of the nuclear import of human MutLalpha. 
Mol Carcinog 43, 51-8 (2005). 

145. Belvederesi, L. et al. Assessing the pathogenicity of MLH1 missense 
mutations in patients with suspected hereditary nonpolyposis colorectal 
cancer: correlation with clinical, genetic and functional features. Eur J Hum 
Genet 14, 853-9 (2006). 

146. Fan, Y. et al. Analysis of hMLH1 missense mutations in East Asian patients 
with suspected hereditary nonpolyposis colorectal cancer. Clin Cancer Res 
13, 7515-21 (2007). 

147. Belvederesi, L. et al. MSH2 missense mutations and HNPCC syndrome: 
pathogenicity assessment in a human expression system. Hum Mutat 29, 
E296-309 (2008). 

148. Brieger, A., Trojan, J., Raedle, J., Plotz, G. & Zeuzem, S. Transient mismatch 
repair gene transfection for functional analysis of genetic hMLH1 and hMSH2 
variants. Gut 51, 677-84 (2002). 

149. Lutzen, A., de Wind, N., Georgijevic, D., Nielsen, F.C. & Rasmussen, L.J. 
Functional analysis of HNPCC-related missense mutations in MSH2. Mutat 
Res 645, 44-55 (2008). 

150. Jager, A.C. et al. HNPCC mutations in the human DNA mismatch repair gene 
hMLH1 influence assembly of hMutLalpha and hMLH1-hEXO1 complexes. 
Oncogene 20, 3590-5 (2001). 

151. Andersen, S.D. et al. Functional characterization of MLH1 missense variants 
identified in Lynch Syndrome patients. Hum Mutat (2012). 

152. Belvederesi, L. et al. Sub-cellular localization analysis of MSH6 missense 
mutations does not reveal an overt MSH6 nuclear transport impairment. Fam 
Cancer (2012). 

153. Kondo, E., Suzuki, H., Horii, A. & Fukushige, S. A yeast two-hybrid assay 
provides a simple way to evaluate the vast majority of hMLH1 germ-line 
mutations. Cancer Res 63, 3302-8 (2003). 

154. Pang, Q., Prolla, T.A. & Liskay, R.M. Functional domains of the 
Saccharomyces cerevisiae Mlh1p and Pms1p DNA mismatch repair proteins 
and their relevance to human hereditary nonpolyposis colorectal cancer-
associated mutations. Mol Cell Biol 17, 4465-73 (1997). 



 56!

155. Polaczek, P., Putzke, A.P., Leong, K. & Bitter, G.A. Functional genetic tests of 
DNA mismatch repair protein activity in Saccharomyces cerevisiae. Gene 213, 
159-67 (1998). 

156. Shimodaira, H. et al. Functional analysis of human MLH1 mutations in 
Saccharomyces cerevisiae. Nat Genet 19, 384-9 (1998). 

157. Clark, A.B. et al. Functional analysis of human MutSalpha and MutSbeta 
complexes in yeast. Nucleic Acids Res 27, 736-42 (1999). 

158. Drotschmann, K., Clark, A.B. & Kunkel, T.A. Mutator phenotypes of common 
polymorphisms and missense mutations in MSH2. Curr Biol 9, 907-10 (1999). 

159. Drotschmann, K. et al. Mutator phenotypes of yeast strains heterozygous for 
mutations in the MSH2 gene. Proc Natl Acad Sci U S A 96, 2970-5 (1999). 

160. Kolodner, R.D. et al. Germ-line msh6 mutations in colorectal cancer families. 
Cancer Res 59, 5068-74 (1999). 

161. Shcherbakova, P.V. & Kunkel, T.A. Mutator phenotypes conferred by MLH1 
overexpression and by heterozygosity for mlh1 mutations. Mol Cell Biol 19, 
3177-83 (1999). 

162. Yuan, Z.Q. et al. A missense mutation in both hMSH2 and APC in an 
Ashkenazi Jewish HNPCC kindred: implications for clinical screening. J Med 
Genet 36, 790-3 (1999). 

163. Ellison, A.R., Lofing, J. & Bitter, G.A. Functional analysis of human MLH1 and 
MSH2 missense variants and hybrid human-yeast MLH1 proteins in 
Saccharomyces cerevisiae. Hum Mol Genet 10, 1889-900 (2001). 

164. Ellison, A.R., Lofing, J. & Bitter, G.A. Human MutL homolog (MLH1) function 
in DNA mismatch repair: a prospective screen for missense mutations in the 
ATPase domain. Nucleic Acids Res 32, 5321-38 (2004). 

165. Gammie, A.E. et al. Functional characterization of pathogenic human MSH2 
missense mutations in Saccharomyces cerevisiae. Genetics 177, 707-21 
(2007). 

166. Wanat, J.J., Singh, N. & Alani, E. The effect of genetic background on the 
function of Saccharomyces cerevisiae mlh1 alleles that correspond to HNPCC 
missense mutations. Hum Mol Genet 16, 445-52 (2007). 

167. Clyne, M. et al. The G67E mutation in hMLH1 is associated with an unusual 
presentation of Lynch syndrome. Br J Cancer 100, 376-80 (2009). 

168. Vogelsang, M., Comino, A., Zupanec, N., Hudler, P. & Komel, R. Assessing 
pathogenicity of MLH1 variants by co-expression of human MLH1 and PMS2 
genes in yeast. BMC Cancer 9, 382 (2009). 

169. Martinez, S.L. & Kolodner, R.D. Functional analysis of human mismatch 
repair gene mutations identifies weak alleles and polymorphisms capable of 
polygenic interactions. Proc Natl Acad Sci U S A 107, 5070-5 (2010). 

170. Heinen, C.D. & Juel Rasmussen, L. Determining the functional significance of 
mismatch repair gene missense variants using biochemical and cellular 
assays. Hered Cancer Clin Pract 10, 9 (2012). 

171. Rasmussen, L.J. et al. Pathological assessment of mismatch repair gene 
variants in lynch syndrome: past, present and future. Hum Mutat (2012). 

172. Hinrichsen, I. et al. Expression defect size among unclassified MLH1 variants 
determines pathogenicity in Lynch syndrome diagnosis. Clin Cancer Res 
(2013). 

173. Kantelinen, J. et al. A putative Lynch syndrome family carrying MSH2 and 
MSH6 variants of uncertain significance-functional analysis reveals the 
pathogenic one. Fam Cancer (2011). 

174. Boyer, J.C. et al. Microsatellite instability, mismatch repair deficiency, and 
genetic defects in human cancer cell lines. Cancer Res 55, 6063-70 (1995). 

 
 


